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An erqjcrlncsital investigation \ics imdcrbalccaa et a noninal hacii 
nnnber of $»6 in tlic QALCIT ilyporsoiiic Hind Tunnel, Leg Ko, 1« ‘Hie 
fix’s! plxase xias an ini’estigation of tix) viscous effects on "easurcd 
irpact pressunDS# iho second was an invcstigatinn of uio tc-ipcrature 
recover/ cliaractc ristics of a singl/ shielded total- teapo nature probe, 
liqjerincntal results are presented for a straight, sliaip-li:ped, 
c^lindriccl, irjipact-prossuno probe a:xd for a flattor.ed-a~id px’obe, 
Irpact-pi’csGure data were o’etainod for a Re;/nolds nunbor range fron 1x25 
to 8,000, iTiiore tlie Rc’Taolds nuribor vras based on free strean conditions 
and the irpact probe outside dianeter, Z)G data shoK tliat tlie Rac,’’leigh 
equation requires corrections for viscous effects at Reynolds nxinbers 
less than 6,000 for the cii’crular sixarp-lippod probe and loss tlian U,000 
for tlio flattoned-ond probe* The visco’X effects ixeroase xrith 
decreasing Roynolds nunbers. At a I'jeynolds auribor of U25, tlie aeacurod 
inpact prossuie is appi’oximteljr 2,5 pei' cent lower than that predicted 
by tliG Rayloi[;h oq’.^tioa. It xjas ooncludod t^iat ihc viscous effects 
vjero dopc-idont on Hach nurioor as xjell ns Rcrmolds nunber, 

Tonpox’aturo rooovery factors for tie totol-toiTporoturo probe 
wore obtained tlxroughout a Reynolds nunlx)r range fron 30,800 to 213,000, 
wlxore tlio Reynolds nunbor was l)ascd on iho probe entrance outside 
dianeter and tiie free stroan conditions. An a:ialysis of cxuitablo 
paranotei’s ;«ith xixidi to prooont tlie data is included togetixor xrLth the 
oaqiGrincEittil data. For a Liroited la igo of total tenforaturos, a 
single tGnjxsraturo rccovo-xy ca?jLbration cuisro xono obtained wlicn the Reynolds 
nanbor was used as a paranotcr, Tiio data shovr tliat the ten^>eraturo 
rocovoiy factor of tlio total tor^jeraturo probe decreases witii docreaslng 
Poynoldo nunbers. 
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I. EiTRODUCTION 



Volocitios of fluid stroans which are much creator tlian tJie local 
acoustic velocity are cortionly referred to as '‘hyporscaiic" velocities. 
For tiie salce of definiteness, tie hypersonic regime is arbitrarily 
considered in this report as tlie Madi nunbor ranco above 5* 

Recent developments in guided missiles and rockets, viiich are 
dosignod to travel at hypoiBonic Macli mtnbera and extreme altitudes, 
have necessitated obtaining basic aerodynamic data in hypersonic wind 
tunnels* Uio difficulty in accuratety obtaining local fluid stream 
data such as Ilach number, Reynolds nmbor, otc*, is much more severe in 
a rarifiod hypersonic air stream than in st5)Ojn5onic or subsonic flow 
strea'Tffl of higlior density* Eie problem specifically treated in this 
o^qjeiinental investigation is tiat of interpreting and calibrating 
inpact-pressure raeasixrements and total-temperature measuronents in a 
hyporecnic flow* 

For ncasurenents of impact pressures in a moving fluid field a 
total head tube is conventionally used* The tube is aligned xrith its 
axis parallel to the flotr, and the fluid stream is brought to rest at 
tiio open end of the tube, Ihe pressure at tiro open end of the tube is 
tiien detciminod by a suitable pressure sensing system* Impact px'cssuro 
interpretation at Ioxj densities and in subsonic and supersonic floxra 
has Ijeen the subject of b eve ml theoretical and exioorimontal investi- 
gations (Refs. 1 to 0). 

For svporsonlc continuum flovj of a cocpressible, non-viocoxxs 
fluid the familiar Rayleigh fonitxla (Of, Ref* 9, p* 77) prevides a netliod 
of rolatijig impact pressure to the static pressure and Hach number* 
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Application of tiic liayloich pitot-ta.be equation irpliea tint in 'J.e 

fluid stroa;! bcl'd-id a nor.ial shod: onlj" ttic inertia forces are ai^.nifi- 

cant} coiiseqtio:u.l 7 use of V.:iB equation becones Ir'.creasincly inaccurate 

for conditions in wliidi the viscous forces beemo appreciable coniDarod 

to tiie Lnertia foi'ces, A criterion for tiiis viscous force effect is tlie 

Reynolds nu'.bor of the flow based on a suitable characteristic di.ension. 

For the case of a oontij'.um, supersonic, caapressiblc, viscous 

flow, (i*e., lovj Be) theoretical corrections have been applied to die 

Rayleifii equation (Refs* U and $) for selected probe geonetiles. 

For CKtra'iely lew density fluid flow in viiich continuun flov/ 

analyses no longer arc valid, ttic ti^oor^tical ordinary gas ^Tianios 

predictions for the inpact prassurcs nust be sot aside, Tlic general 

field of rarefied gas dynamics has boon discussed by Tsion in Ref, 10. 

A useful criterion for estimating the low density effects is tiio nolecular 
/ 

moan free path length, which can bo defined as the average dist-mcc 
between nolecular collisions, I'he ratio of t2io ncan nolecular f ixio 
path to a ciiaraoteristic dir.ionsion of a body i-norsed in a fliad stroan, 
Jl/d ^ M/Ro, is a significant paranoter for estinating the nagnitude of 
the loxj density effect. 

The nagnitude of the ratio i/d for which tlio nctliodo of continuum 

\ 

flow neclionics are inadequate is not v;oH defined. On ‘!ho basis of 
considerations of exfxjrincntal ckita obtained by Kano and TIaslach (Ref, 

2), it appears that continuin fluid dyna'lcs tlioory requires corrections 
for i/d values greater than atx>ut ,015, 

Wien the molecular moan free paths aro lart:o, of Uio approximate 
order of 10, conparbd to lx>ciy drlmcnsiDno, a fully developed molecular 
floi-7 exists (Cf, lief, lO), In tills case, tiic collisrons of a molecule 



v/ith tho bcxij’ in tlio oii^ar; aitj nu ii noro i'lTjquent than coll anions with 
other noloctics, and i}\Q methods of kinetic ti^iCory of (;ascs must be used 
to predict Impact pressuies* 

VJith iiiciX5ai.:in£; nolocular mean free path, the nomal siiocl: «avo 
booties tliiciccr and less woH defined and may not even c:d^t as sisch for 
a fully developed fit )0 nolec.:lar flow. Therefore, a nodifiod R.aylcich 
fo inula wiiich onito tho sliodt wave entirely rdglit be of conciderablo 
interest at low densitiro, Cliambro and Schaaf (Hof, 6) have derived an 
equation prodictinc: tlio impact pressure based on consideration of 
kinetic t’.eor;’- for fully dovelo. ed molecular floxj. 

In the transition region betvjecn continuum and fully developed 
molecular flow, no tlieoiy predicting the ir^act prossurco in a moving 
stream exists at present. For this transition region Kano and JIaslacli 
(Ref, 2) have made an e»3erimcntal investigation of in >act pressures near 
tiio estimated continuixm limit, fl/d fron ,138 to ,0123 nnd over a llach 
nu".ber range 2,3 to 3*6 aixl RojTiolds msibcr range of 25 to 8oU, She r.ian 
(Ref, 1) has also rmde an (»5>orlmental ijivestigation of irpact prossuros 
near tlio cotinatod continuum limit, i/d “ ,003 to ,11, Mach nuribor 
range of 1,7 to U*0, and Reynolds nu;bor range of 15 to 800, 

Tlio resiiltc of botli of these caoporL'^-.ontal invostigatiesns showed 
viscous corrections at voiy low Reynolds uuibere, xdiich yielded impact 
prossurco higher tion tiioso which i:ould be coii^jutod from Rayloif^m's 
fomula. In addition. Ref, 1 indicates a region at slightly liighor 
Remolds nmbors where tho i.ipact prosruro xras less than tiiat predicted 
by non-viscous t.icoiy. 
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As a concli’siori 1x> 'ief, 2, a need was expressed for furtive r 
Qxporlnoatal toots at hi^Iier tiacli nmVxsrs* Tlie inpact-jjressmxD phaoo 
of this invBotiGation involves ex^erinonts dosicnod to pix>‘^rido tlio extended 
Mach nvtibor ran,:© and ip include a c<xapariso:i of two probe G©oi‘©'ti’ics* 

Bocauso of practical considoratiosis and United tir-o, tiis invosti- 
gation was rootid-ctod to a noninal Madi nuibor of Sj«6 and a ninlnum 
Reynolds nxinbor of tiio oi’der of UOO based on iapact probe outside clianeter 
aiid free strcaa cond'.tiono* Trio orp'iaois on tliis phase of investigation 
\7aa to obtaiii cxTxn’inontal data, at hypersonic MadT, nunbers aJid low 
Rc^nibldc nunbo3re, on the valuation of cxpeidnental Irmact pressi;ro 
neasurenento frxi those predicted Rayleigh’s eciuation* In audition, 
it vxas desired to substantiate tiio general trends in this variation ar 
dsteitiinod by previous investigators at lower Iladi nunbers* 

Hie design and calibration of total-tenpoiatuie probes for use at 
hypersonic velocities have been tlie sub^Ject of relatively few caqjcri- 
nental invcstigatlonE (Cf, Ref* 11)* For subsonic and si|X5rsonic 
velocities the desij?i and calibration of total- tonpe mturc probes have 
been invcsti«:;atcd in I'uDfs* 12 and 13* 

Hne design of a to tal-tcniie rat.ro probe to give a relatively 
ccratant calibration for a certain ra.igc of test caidltians is lar^^clJ' 
a qualitative process involving IJiG sclcctiai of ’•aterials and di.x:.r.lons 
which vjill fit tlic test conditions* In order to appi*oadi tho optdmun 
design of a total-ter^>eraturo probe for use at iiypcrsonic vrelocitics, 
a considerable anount of tlicorotical study and exporirental i.ivos t_gation 
is roquirod* E* M* Minklor of the Naval Ordnance Laboratory has mad© 
rathor extensive design and calibration studies for total-tenixjruturo 
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probes at hypersonic velocitioc and over a considerable ran^e of Reynolds 
nunbors* 

Iho nest useful nethod of presenting total-tonporaturo calibration 
data is by licans of a single calibration curve tI^at would bo valid for 
all flow conditions, 5ho dioicc of a i>arajiOtor of t he fluid flow which 
will produce a single curve is not t”nodiately obfvious, Tlie rosults of 
proviouB tcr^raturo probe calibrations have conventionaily been pno- 
sontod with citiior I-Iadi mnbor or Reynolds nuribor as the variable 
para.’-.etor, nCTRSvei', in the hypersonic rarige i 2 SO of one of tiiose para- 
notors as the variable results in families of calibration curves for 
constant values of the other paraiiotor, 

Kio dependence of temperature recovery on Uussolt number is 
considered in Ref, 11, The IJmselt nunber, based on tljemocoiqplo wire 
d .aieter and conditions inside the probe, xkis calculated, and tnio 
nuibor x-tis tlion multiplied by the ratio of gas thomal conductivity 
to mean thorrxal ocnductivity of tie ti^iertiocoxjplo wires. This ixira.eter 
is a measure of tixo heat trarisfer balance at 12 x 0 tlienaocouplo jvaxotion 
as indicated in the analysis contained in Appendix A, In Ref, 11, 
ter^xjrature recovery factor for a given piebo was plotted versus tixis 
par^amoter, and tlxo resulting plot produced a single curve which 
valid for a conciderablo rango of I-iach numbers, Reynolds numbers, and 
stagnation tanporatxiros of tixe flow, 

Ihe design of a new typo total-tcrporaturo probe was not con- 
sidered in tills investigation. The scope of tiiis invosiigatica was 
sirqjly to construct a tenperaturo probo based on existing designs tiiat 
had proved successful and to calibrate tixis total-torperaturo probe at 
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a norrmal Ilach nux>er of 5*6 over a ra:';GO of free stroasi Ro.Taolcls nunbers, 
^»;o total- terapen^turD probes based on designs suggeotod in Ref, 11 vrero 
adapted for use in this pro^itn, 

ilio eiphasis in this plsaoe of tlie invoctigation xjas on obtaining 
data over tiio gxuntost possible invigo of Ro^Tiolds nu’a'bors and total 
tenpoixitu.rso and on converting tlieso data 'to obtain calibration ciirves 
for taiporatiire recovery factors so tlrat tiioeo tanporature pro>X)S 
could bo used in furt!»r ejqporimontal work# It should be noted ti-iat the 
calibration curves are limited to use uitli the two temperature probes 
tested* 

ihis 63:peiicK3ntal project was conducted in the GALCH 5x5 inch 
I^TJeroonic dind Tunnel Jjog No, 1 itr cooperation with LT J* C* Gravea, 

U* S, ilavy, and uridor the si:pervl.3ion of Dr, H* T, Kaganatsu, 



I 
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U. BqjUn*.Ui!T AMD PrOCEDUIE 
A« Wind Tiinnol Deaorlption 

The GALCIT $ x $ inch Hypersonic Wind Tunnel (Leg Ho* 1) Mae 
used for theso tests. It is of the continuous ly-oporating, closed-return 
type and is operated ty a coc 5 )rossor plant consisting of sixteen ooei- 
prossors driven seven elcctxdx: motors, Ihe thirteen cotipresoors in 
the first five compression stages are Fuller rotary compressors, vjhile 
the final two stages consist of three reciprocating conpressoro, A 
system of valves and interconnecting piping pomlts the selection of a 
wide variety of plant compression ratios and mass flotis* 2xose valves, 
as well as the compressors, are oiKjrated remotely from a master control 
panel (Cf, Pig, 1), A schematic diagram of the wind tunnol installation 
is shown in Fig, 2, 

Iho Leg Ho, 1 test section \d.th fixed :iozzle blocks designed for 

a nominal Mach number of 6 was used for these tests, 3he nozzle blocks 

were designed by the Poolsch analytical netiiod with correction applied for 

tlio estimated botindary layer growth* Static orifices vrere provided at 

one-inch intervals in both nozzle blocks to pomit a diock to be made 

with tie original nozzle calibration* 

Tlie Leg Ho, 1 air heating systoa employs superiwated stoam in a 

nultiplo pass boat exchanger and is capable of producing a maxinum 

stagnation tamperature of about 300®F at a roso3rvoir pressure of psia, 
o 

and 230 F at atmospheric reservoir pressure, 

Tlie TOter content in the air was kept woll below 100 parts per 
million (by wci^^it) by passing it through a tonk containing approxi- 
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mte}y 2000 pounds of siliCix cd* Oil was rniovcd tijr Cyclone separators 
after each cojapression stage and, in addition, by fine3y-divided activated 
caiton canisters, porous caibon filter blocte, and a Ilino Safety 
Appliances "Ultra-Aire Space Filter-*'* 

B* Model Description 

1, Ia?)act-PrDssuro Probe Rake 

Six stainless steel probes, of varying dianeter, were mounted on 
a 2 inch x 2^ inch stainless steel, iredge-slii^jed raise as shorci in Fig* 3, 
Tno lead-^ tubes, also of stainless steel, wore corpletely enclosed 
\ri.thin the tredge and its $/l6 inch dianeter support rod* V/ith the use 
of the extemally-operatod model control system in the tunnel test 
section, the rake could be moved vertically so as to bring each probe 
into the tunnel cesrtor line* 

Two probe-end geometries were used* Ihe Type I probes v^ore 
sharp-lipped and circular-ended irith outside diameters varying from 
0*0l6 inch to 0*25 inch* Ihe Typo II probes were made by flattening 
the ends of round tubes so that the ratio of outside height to outside 
width was one-tliird* Sises of probe-end outside heif^rts ranged frara 
0*011t inch to 0*109 inch, Piguro U shows a schematic sketch of these 
two probe geometries* 

2, Stagitation-TenporaturB Probes 

Two otagnaticn-taaperature probes wore constructed, botlr essen- 
tially similar to tho desiga given in Ref*, 11 but differing from each 

/ 

other in outeido dimeter of the probe mtra:ico and thermocouple vai*o 
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dictieter. Both piobeo consisted of a single platinua-coated quirts 
shield cerien'ted to a stainless steel holder ifith a iiiGh-tcr^peruture 
ceranic cenent* To replace continuously tlie air inside tho probe, a 
sincle vent hole vas provided in tlie shield aft of tiie thcmocouplo so 
that tho vent-area to entrancc-aroa ratio was approxinately 1:5* licpoia- 
nental data in Rof • 11 indicate tiiat this area ratio is on optiTun 
value. Iron-constajitai theznocoi^Dlcs irore corxentod into a quarts support, 
wliich in turn iras sealed into tho stainless steel holder. 

Probe A liad an entrance outside dianetor of 0.10 inch, and B, and 
S* gage 30 (.01 inch diameter) thomocouplo liiro was used, wiiile tJie 
outside dianeter of tho c:itrancc of Probe B was .063 inch, and 0.012 
inch diair»eter thomocoiplo wire was used. Fig. $ gives a schenatic 
sketch of thcs3 probes, and Fig. 6 shcA^rs the probe support on liiich tho 
probes were mounted for placement in •ttie tunnel. It should be noted 
that this latter probe support also included an impact^ ressure probe 
and a static-pressuro probe, in addition to the teiporaturc probe, so 
that flox? co:iditions in the tuinnel test section could be Measured 
readily. Each probe could be positioned in tun on the tunnel center 
lino by moans of tte model support control. 

3. Static-Prossuro Probe 

Uxe static-pressure probe was constructed of O.O83 inch outside 
diameter stainless steel tulajrsg with a solid 10 degree conical nose. 

T rec static orifices spaced unifomJy around the tube circumference 
vroro located 30 diameters doxnstrean from tho nose. 



I 
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C» Instnraentation 



1^ Preasxiro IloasuiBiaenta 



"I'jG rcs€)ivoir prcssui^ vxf,s : Ox'^x^oircd a Tate-T-nei^'- nitrocen- 
balanced gacc arid cantroHed within - O.Oti psi by a IIinncapolis-Ho:aey.?ell» 
Brovra circular cliart controller* i\U otatic and iipaot pxxjssuroG «raro 
neaatUDd on a silicone fluid, vacum- referenced rvononeter (Fic* !)• 

With tloG latter, pressxjros could be casiiy road to the doses t 0*1 ai 
and estinated to 0*01 cm. of silicone* This catinate is approxinato3y 
equivalent to 0*07 nicrons of nerctiiy* 

2* Tenperature ?lGas\iromontg 

2Vie timrxel stafjiation tenperature vras .measured an iron-con- 
atautan, shielded tiiomocouplc located one inch upstroan fvon tlio nozzle 
throat and was recorded and controlled by a Minneapolio-IIoncyweH- 
Drovm circular chart controller to within ^2®?* 2he thermocouples in tire 
sta{;iiation- tenperature teat probes vxore differentially connected -vritlr 
the rocervoir thermocouple 'Uj a Leeds and ilortirup slide-wire poteutio- 
neter, as sliown oclxnatically in Fig, 7* 

D* Test Procedure 

1* Inpact-Prossure Runs 

Prior to tho installation of tire probe rake in the test section, 
an axial static pi’DSOurc survey vjas conducted on tha tunnd center lino 
to locate a region of unifom pressure, A point 19*7 inches aft of the 
throat was selected, and tho inpact-p roc sure probe ends ware ali.jncd 
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accozxlintiLy* In addition, a vertical total-head stisrvey Wiis I'vado at this 
po3lto.on k/itii i^ss'.dbts as shown in Fig, 8. 



eadi conplete syston i;as carefully loak-chocked. With the tunnel 
operating at a specif iod reservoir condition, each of the six different* 
sised probes on tho rako was in turn placed at t!ie tost section center 
lino, aid its pressure neasured m trie silicone manonoter. Ihls 
positioning was accaiplished with the verbl<»l«actuating nodol cor.tiol 
system, which was externally ope::^ted. In addition to counter readings 
on tho vortical suripoi'ts, it was found desirable to use the scIiHoi'en 
s2/sto3i and a fixed grid networi: placed on tire glass port to cl.eck tie 
center line positioning* 'fiio cycle was repeated until a detomination 
of tlio reproducibility of results wis cor.^leted* 

Since it was desired to obtain the lovrest possible Reynolds 
nunber (and consequently, Iho lowest air density) in the test section, 
tho stagnation oondititxis of ninimura possible stagnatioi pressure (p^) 
witii tlie con:esponding naxinun total tmperaturo (T^j) were selectcKi 
for one rm* In addition, sovtnral runs at olijitly lower T^*s and 
hlglier Pq*s were laade* 

2ie actvrl reservoir tcpipcrature and pressure caibinations used 
were aa follows: 



After tie probe rake was installed and connected to tlie nanoncter. 



PpCpaia) 




Rtxjarks 



IU.7 

111.7 

IU.7 

30.7 



230 

221 

210 

2U2 



ono-phaso flo\f 
one-phaso flow 
one-phase flow 
ono-p-.aso flow 
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A sdiliere.i pictvrc was of iiie riow aitjund t’lc probo ral:c 

to .ietcr.lii^G if f^boclc wave intcrfcreoco creistod froia one probe to 

another. Referring to Fig* 9, it is seen tiiat the stroogest shoc3< wave, 
created by tiic largest probe, does not Interject tlio ad^’acert probe 
uatH it is utury diar.eteis downstroan. 

2. Total»Tgiperature Rung 

The total- tor.r)Oi’aturD probe was noun tod in tlv3 tunnel on a 
sujjporb wbidi cilso Incliided a total-pressi. re probe and a static-pressure 
probe as slic;m in Fig, 6, Tlie latter two probes were comcctedto the 
nanonotor si'stcxn and tlien carcfuUj^ lcaJ:-testcd« 'ihe leads fron the 
tost themocouple vxore differcntialii” connected with the reservoir themo- 
couplo to the potontionotor, Hive, Uie e*n,f« road on the potent5.oncter 
vrao proportional to the tenperature diffcro.icc botxreen find the tenperature 
censed b/ tiie test probo, 

For each calibration nai, the rcscri’oix* tenperature was held 
fined and rescrA)ir pressura varied th'fwif^out its possible r ange. 

At each floi; setting the total pressure), static pressuro, and e.n.f. 
were rocordod. 
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III. HF.DUCTION /JTO AII/O-YSIS OF DAIA 

A. Lnpact-Presnure Correction Technique 

In order to dotcr.ilrsQ a vioconc correction. It is first nccosoary 
to find tlio value irhich the inpact pressure would have if the floi/ wore 
essentially inviscid. Tlais value covild be deteminod if an inpact 
prebo -uore vjscd whida was sufficiently lar[:e that tlie viscous effects 
;rere no longer detectable, Hoircver, it \xas not laiotn Intuitively 
vjhethcr the Reynolds nunber of the largest probe on the probe rake 
tested was large enough to be free of viscous effects. Consequently, 
sono additional analysis was necessary, 

A ncthod of attack which proved quite satisfactory in Ref, 1 was 
erplojred, Ihis teclmique consisted of plotting the neasurod inpact 
pressures against the inverse of inpact-prebe dianotere for tire six 
different-sined probes tested and cxtrepolating a curve throrigh the 
resulting points to l/d * 0, Ihe value of the pressure intercept at 
this point was considered to be that corresponding to the inpact 
pressure in an invincid fluid, 

Ihic process of lotting l/d approach sero was considered equiva- 
lent to letting the Reynolds number approach infinity, all other factors 
in Re having bem hold constant. Typical plots of data involving this 
process are shown in Fig, 10, 

B, Dote rninat ion of Floxr Parameters 

1, Hach limber 

V/ith the noasured impact pir^surc, corrected for viscous effects 
as explained previously, plus the measured static pressure, the free 
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strean i^ach nun^'er vras calculated luin^ R..iyloigh’s ireU-loiai-m suporGouic 
pitot tube oqtxation* In the instance \riiere the static pressure \ras 
measured during a rvai subeoqxent to a series ef ir^act-prossure runs, 
the reproducibility of flo’.i conditions checked by nea^is of a 
rofcircnco inpact-prassure probe, 

TIk) subsonic Hach nuriber of the flow vritliin the total-tarperati;re 
probes calculated simply f roi the area ratio of tJic shield inside 
dianeter to the vent, Sinoe the pressi’.ro ratio at tie -rent, p/pg*, is 
>rell bcloi: the critical value, a sonic throat exists in the vent passaco, 
•Ihiuj, for a probe geonetry, Ihe Ilach numl)or of the fla; vritliin 

the pi'obe is essentially independent of free strom floix conditions, 

2, Reynolds Number 

The Reynolds nurfcor per inch based on undisturbed free stream 
conditions was calculated for each floir setting. The corresponding 
Reynolds number for each iipact probe based on tlis outside diameter was 
then detemined. The measured free stroon pressure, the stagnation 
tenperature, and the correopending value of the Kadi number ;jero used 
to coc^te the Rojiioldo mribcr. 

By definition we c an irrito 

Re - (1) 

^ M- 

The assurtpticn of tl» perfect gas law gives p “ snti "th® sonic 

velocity, a, is given by a « y X Siibstituting for ^ and a in 
Eq, (1) wo obtain 




( 2 ) 
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T/hlch rodiACos to 



Re » 0.3U3 ( 3 ) 

/i. yr 

for X" = l.u ai:d U » 1715 ft./sec.^ ®R* Ti-ic units of Pf dp Up and T 
aro given in the list of sjrabols. 

By asstninc adiabatic flow the free stroan tenperaturep T, was 
then obtained f ron the equation 



T » 






(U) 



A plot of this equation given in Ref* lli wc 5 used* 

The corresponding value for tlie viscosity of air was obtained 
fron a plot of the Kojnes* equation for viscosity* Ref* 1$ indicates that 
for air at very 1cm teri^eratures Keyes* oq\iatioa is noro appropriate tii an 
tlie familiar Southerland*s equation for viscosity* For aiVp Keyes' 
equation beca,;os 



(slugs/ft* sec*) 



/• -10 
2*316 X 10 



yf 




( 5 ) 



At higher terape natures (above 500^R) the viscosity for air was obtained 
fiura curves based on Sourtiiorland's equation given in Ref* I 6 , 

ThuSp all the properties used to cliaracterize the air stream 
have been those of the undisturbed free stream* It was also desired to 
obtain a set of roforence properties based on CKiditions behind a normal 
shock wave* The change in properties of a free stream passing through 
a normal shock wave was calculated ly the use of cmtvcq of normal shock 
wave functions given in Ref* lU* 
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3» Kn;;d3qi Ilunber 

Tho xaeaa noleciilar free path lexxgths for tho undisturbed free 
strean and for flow conditions after a nonial shock vxave were calculated. 
For eadi pt^obe the corresponding Knudsen nunbors wero dote mined. From 
Kinetic theory. Chapman gives (Ref. 17) 

/X •= 0.1;99 p vX (6) 

whore v is the mean molecular speed and £ is the moan molecular froe 
path length. Resvilte from kinetic theoiy also connect v with the 
velocity of sovaid, a, by 

wiiero is tho ratio of specific heats. Combining Eqs. (6) and (7) 
yields 

X - ( 8 ) 

noting that /^/joa =d fl/Ro and using J^=1.U for air, Eq. (0) beco:aes 

X «= 1.U9 (M/Re) d (9) 

The Knudsen number is now expressed as a function of Reynolds nunber 
and Mach nunberj 



JL M " 1.U9 (M/Re) 



( 10 ) 



1 / 



U» I'i'Ugselb Ifiribox* 



T^ic Il'asselt n'oribor considered licro involves toe rate of heat 
transfer betweem too air flow and tl» theitiocovple vfirc* It is defined 
in gcsieral !:&• 



Ifu 




( 11 ) 



vj?iore h 



k 

€ 

<3^sr - 



heat transfer coefficient 
gas tlicmal condtictivity 
thomocouple vrire dia’Tieter 



Moreover, for flow in which heat transfer is taldLng place ue nay ind-te 



ifu » f-(M, Re, Pr) (12) 

X \ 

wlK)re Pr is tiic Praidtl number for air and ray be considered as leiaaining 
constant* Now, if vje dote mine too Reynolds number. Re’”, based on an 
evaluation of gas density and viscosity at total temperature ratoer 
than' at static teenperaturo, then 

Ro* « g(Re, M) (13) 

ajxl 00 

Hu » fgCRe*) (lii) 

In Ref* 18, a serai-CEqjirical equation has boen determined for 
this relation, namely. 



Nu 



0.U31 




( 15 ) 



vath this equation the Nussclt number of the flow inside toe total- 



tGnpcrat"r3 yro'.jc (baned on tlxci-aocouple vire diarietcr) is easily cal- 
culated fron neasuixDd quantities as folloxjs: 



\ " 

vihere 



Re 



Re 



/^o 



p V d 
ro p w 

yW o 



0 . 3 I 13 Pq* 

To /«0 



0.3l»3 Pq’ Mp d„ 

yUo (1 *0.2 100 



“ in^iaot pressure in lbG,/in**^ 

2 

“ fCTg) « COS Viscosity in lbs, /ft, -sec. 
® theiTvocoirole wire dianetor in inches 
® Mach nuriber inside probe 
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For the given probe gooxiTotries considered, there exists the 
piviblen of deteivaining the proper area ratio to use in calcxiLating 
However, considering the entrance area, wnere is oven greater tiian it 
is at the themoooxple \rire, we find 



a/a* » 5 , “ 0.177 

Ihus, the variation of the deiioininator ef Eq, (I 6 ) with is negligible, 
and wo can write 



p^* O.3U3 Pq* 



( 17 ) 



idrore the indefinitenoss of calculating tl’js constant 1^ is clininatod 
ly indudlng it viitli the parancter Re . 
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Fron oaqjerinentol results in Ref. 11 and an anJLysio of hoat 
transfer balance in the themocouplo wire contained in Appendix A, it 
ai^poare that tlio parar.oter llu Is significant for the investigation 

of the tenperature recovery factor. Accordingly, a pararroter llu is 
defined 



llu* 



Hu k„ 

■I I . ..Ja -i.i 



Using Eqs. (l5) and (17), this nay be written 



( 18 ) 



(15) 

V/^o^' Kf 

For the therwocouple, k,, is a constant and nay bo considered as the 
noan of the two values for iron and constantan. Howovor, kg varies 
with the changing conditions of tlio gas. In Ref. IB, a suggested 
foraula for calculating kg is 

kg - 3.03 X 10^ (20) 

■it 

Thus, for a given probe geocietiy, Nu is dependent only on the local 
reservoir conditioosj and for any given run at a constant Tq, llu is 
a function on3y of inpact pressure, p^*. 

C» Temporeturo Rocovoiy Factor Detonaination 



In order to calibitito a total-tcr?>oraturo probe for future 
application, oone i^ieasure of its ability to convert all of tho kinotic 
energy of on air stroan into heat energy nust bo obtained. For this 
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ptirposo a tcciperaturo "rocovDiy factor'’ is comonly defined as 



r * 



v -* 

¥'"-Y 

o 



( 21 ) 



where T^* is tiie tosperaturo sensed by the probe* 

Since it was desired to neasure as accuratoHy as possiblo the 
snail difference between and tiie probe thonaocoiiple was differ- 
entially connected with the reservoir thsitnocouple, as shown in Fig, 7, 
In this nanner, the e,n,f* read on the potentioneter was proportional 
to tlie difference, - T^*, Using the therraocot^>le tocQ>orature- 
nillivolt equivalent, the tcEporatrirc difference was converted to 
dogroes Fahrenheit, 

With the recording of reservoir teniae rature, and subsequent 
calcrilation of tlie stream terroerature, T, using tho adiabatic energy 
equation, all infomation for dctextiining recovery factor was available. 



21 



VI, iTP^PxiT'nra kim Discussion 

A, Irtpact Prosouro Hoasurcnents 

1» Experlnontal Results 

ifipact pressure data i/ore obtained at a notninal Itach nunber 5*6 
for irqjact predsure probe Typos I and II as described in Section II* 

Bie ranee of test conditions aro svmarized as foHoxJSj 

M =• 5.3 to 5.6 
Re “ U25 to 8,000 

The prinary rostilts of tiiis phase of the invostieaticjn are sliom 
in Figs. U«l6 uiiich show corrections to be applied to nieasured Inpact 
pressures. Two different paranoters based on free strean oaiditions 
were used to present the corrections viiidi are given as the ratio of 
measured impact pressure, p^", to tho ideal non«visco\is irqjact pressure, 
p^*. In addition to the parariiotors based on free stream conditions, 
the inpact pressure ratios obtained for inpact pressure probe Type I are 
presented in Figs. 13 nnd lU, as a function of tho saiiio paraioter based 
CHI flow conditions behind a normal shock. 

Ihe results of the experiments show that the Rayleigli formula 
requires corrections for viscous effects ^£aen tho Reynolds nuribor 
based on free stream conditions is less than 6,000 for probe Type I and 
less than U,000 for probe Type II. Hovjovor, tho correction is small 
for tho range of Reynolds nmbers obtained in this investigation. The 
naxinum deviation of 'Wie measured ir^act pressure, obtained at the low 
pressure limit of the exporimontal equipment, was 2.5 per cent. The 
deviations of tho measured inpact pressures from tho ideal impact 
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pressures were necative in sense that tlie ncasuicd iwpact piescure 
iras less .tlian tlie ideal non-visoous irpact pressure (i»e.^ Po”/Po’ ^ 

It should bo noted here that the specific impact-pressure correction 
data presented are valid only for the mix;;o of Hach nmbers used to 
obtain the data and for the particular types of pi*6bes considered* 

2* Consideration of the Methods of Data Presentation 

Presentation of tiio data versus a paramotor based on free stream 
Conditions is nwst desirable frcci the viewpoint of practical application 
of the data to correction of measured impact pressures* Iho deviations 
of neasured impact pressure from that predicted by the Rayleieh equation 
are caused by viscous and lovi density effects* Consequently, the 
Reynolds nui^r and the Knudsen nuriber based on free stream conditions 
and the impact pi*obe diamotor were chosen as significant parenetors* 

It is not to be expected that the calibration curves, obtained 
for measured impact-pressure correction versus parameters based on free 
stream conditions, are independent of Madi nvrabor* However, over the 
linitod range of Mach numbers encountered in this iirvestdgation the 
dependence of the in^xt-pressuro calibraticn curves on Hadi rariDer 
was not apparent* 

Use of flow paraioters based on stream conditions behind a 
normal shock pemits comparison with CKperlnental results for inciact- 
prossure corrections in subsonic floirs* For a more detailed study of 
the data and correlation with theory, tiro most useful presentation is a 
plot of neasured it^act-prossurs correction versus parameters based on 
stream conditions behind a normal slrodc (Cf* Figs* 13 and lU)* 
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3» Cmpariscn with Provlous Ijcporinontal Invegti?:al.loxa arid Theory 

Only a q\jalltativo conparlnon vrith previous Invosticatioiis can 
be made as the present investigation was conducted at considerably higher 
llacli numbers than any previous exporinsntol vjork* 2he most significant 
difference in results obtained in this investigation as ewnpared \Ath 
results of similar investigations is that the viscous effects on 
Irjpact-prGssxire neasurenents become apparent at much larger Reynolds 
numbers for the Iiigher Mach numbers encountered in this investigation* 

33xe resxjlts shoxci in Rof* 1 for a probe of Typo I at a nminal 
Mach number of 2*5 shov; increasing viscous effects on measured impact 
pressure with decreasing Reynolds numbers, beginning at Reynolds numbers 
of 150 to 200* 2he present results at nominal Mach number $,6 shew 
viscous effects for Reynolds nunbors less than 6,000* Qualitatively, 
tlxc results of tlxis investigation are in agreement witlx coqjerinental 
results shown in Ref* 1 for an inpact-pressure probe of Type I* ihe 
results of Rof* 1 show measured imtixaict pressures loss than the ideal 
over the range of Reynolds nmbers from 30 to 200* For Reynolds numbers 
bolovx 30 the data of Ref* 1 show nonsured impact pressures greater tlusn 
the ideal* 

E^orlmcntal results for a source shaped probe (Refs* 1 and 2) show 
consistently increasing Pq"/Pq* with decreasing Reynolds nmbor* It 
appears that the source-shaped prebe has sonewhat different viscous 
characteristics than those of Types I or II* 

It is possible that the curve showi In Fig* 11 night tend to 
siring to values of PqVPq ' . greater than one if data at the loiror 
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Reyiiolds nu.ibero wei^ includod. It should bo notod hono tiiat tto 
nlninun value of the ratio p^'/p©' observed iii tliis inTcotigatioQ was 
lower by approximately 2 per cent than the values of Po”/Pq* shotrn in 
Ref* 1 for a probe of Typo I* 

An atterpt to correlate directly Pq”/p<,' fi/Re fails 

when a cettparison Is made vdlth tho results of Ref, 1* For a nooinal 

JIach n\mber of 2*5 tho viscous effects becono apparcait for values of 

Ji/di less than *0196 as calculated from the data contained in Ref, 1, 

/is shovd in Fig, 12 tho viscous effects at a ncmnal Ilach number of 5*6 

bocorio apparent for JL /d less than ,001* Ihc coitparison x;itli pzevious 
% 

investigations verifies the dependence of the curves shcr.m in Figs, 

12 and l6 on Madi nunbor. 

Ref, $ contains a theorotical development, for selected probe 
goonetries, whidi predicts a viscous correction for Impact pressuros in 
supersonic, continxam, viscous flovf* 2iis development assus'es a noimal 
shock wave and indudes the viscous effects in the subsonic flow field 
by moans of a boundoiy layer analj’Sis, Tiis theory predicts ti:iat tiie 
li^act pressure sensed in a viscous fluid is always larger than tho Ideal 
noh-viscous impact pressure, 

TJie resdts obtained in this investigation are in variance with 
tills theory. As pointed out previously, other investigations at loiror 
Mach nmbors, with semreo-shapod probes, have shown measured impact 
pressures Ixighor than the ideal. It is apparent tiiat for certain 
RoynoWs number and Mach number ranges, the theory given in f^f, 5 is 
invalid for impact-proosure prebos of 1he types used in this investigation, 

A tdieorotical analysis of impact prcsauro by Staros (Ref, 8), 
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based on the entrqy riso and the related dissipation behind a detached 
noirxal shock, predicts tliat noasured inpact pressures in a viscous sr:q[>or- 
sonic flow are less than tlie ideal non-viscous inpact pressures. For the, 
raxrco of llach nmbers and Re’Trolds nunbers encountered in tire present 
Investigation, it appears tliat this theoretical analysis is qualitatively 
correct, 

B, Total»Tc33perature Probe Calibration 

1, Initial Calibration for Corparison of Probos A and B 

Total-tenpcraturs Probos A and B were initially calibrated at a 
constant total tciT 5 )eraturD of 225^* The choice of total tenperaturs 
was based on two considerations: the tenpo nature chosen was sufficiently 
high to prevent condensation of tire constituents of tlie air in t2ie wind 
tunnel tost section ar^i vjas sufficiently low for it to bo naintained 
over the operational range of reservoir pressures, Ihe Mach nunber was 
not constant over tho range of test conditions but tended to vary slightly 
with decreasing reservoir prossuio and increasing total tonperaturo. 
Unavoidable variation of tho boundary layer thickness in tho noszle 
produced this valuation of Mach nunber. 

Test conditions for the initial calibrations are sumnarised as 
follows : 

p^(psia) “ 1U,7 to 9it*7 
Ro/inch -= 30,800 to 213,000 
II " 5.5 to 5.8 

Tho rcsxfLts of tho initial calibration are presented in Fig, 17, Iho 
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variation of tlie teripciature rocovciy factor is plotted as a function 
of the Re^Tiolds nunuer based on fixse streart conditions and tiio prebc 
entrance outside dia’ietcr. For calculation of ■'die tmperatxiro recovery 
factor, adiabatic flow fren the tenpomture probe located just aliead of 
the nossle tl*roat to die total-taiperaturo probe in the test section 
was acemed. 

The tenperaturo recovery factor for Probe B vras considerably 
lower tlian that for Probe A, Hov«jver, the general chape of the bjo 
calibration cur'/co is sirailai’* relatively poor porfornanoo of 
Probe B can be partially attributed to its txnallcr entrance dianoter. 
Evid<Kitly, the snallcr dianeter shield is less effective than die large 
dianeter shield, and hence allows nore conduction and radiation losses 
fron the stagnation streanllne, Ghe shield on Probe B is also soneidiat 
longer thuin diat m Probe A, 15io increased shield length is also con- 
ducive to nore heat loss* It wotild be expected that, since the length 
to dianeter ratios of the tlien»cov$)le wires for the two probes are 
essentially equal, the conduction loss tliiou(^ the dioraocouple wiros 
would bo approxinatoly the sane* 

ilo additional calibrations »;ero node for Probe B at other 
resei^oir pressures; instead. Probe A iras chosen for nore extensive 
calibration analysis* 

2* E>:tonded Calibration of Probe A 

Probe A was calibrated for the operating range of reservoir 
pressures at three total toii^ratures* Ihe range of total tenporatures 
used was restricted due tiio considerations previously r.tentioned* 
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T'lrc^o series of data \.T5ro rcco'^od for ocsoritiall^* tlic sajie ra.ijo of 
”x!^Tiolds miibci'S and Jladi ntnbcrs at constant totel ten^eraturos of 
220®F, 22^Fj aid 260°?, respectively. Test conditioriS for t!:cse calibra- 
tion runs are suruarised as follo;5.’Sj 

- lii.7 to 9i*,7 psi 
o 

Ro » 30,800 to 213,000 
M “ $,S to 0.8 

Tlae rcJsvltG of calibration of Probe A are presented in Figs. 18-20. 

The tonporaturo recovoiy facto i’ is presented as a function of thieo 
different paranotcrc. Re, !Iu, and Ku , in an atterpt to sh.oif the effect 
of the total- ta'aperaturo cirango on tho calibration curves. 2-ie only 
cturve irhide shews a distinguishable effect due to total teperaturc 
change is the one based on tiio pai*anetor liu shovjn in Fig. 20 • Tiris, 
it is noticed tliat the torperaturo recoxt)iy factor is apparently hij.cst 
for a gi\en vr.lue of IIu at the lorjcst total tcnperatiu:e. It should b© 
noted licre that tho calibration curves obtained in tois investigatio:: 
are quantitatively’’ valid only for the jjaiticular probes used in tho tests. 

3. Suitability of PaiunetcrG for P?.X!sontiinG Tooperatura 

Recovery Factor Calibra'tions 

The ideal para’iotor to use in plotting a calibration curve is 
ane based on properties of the free stroon and wloidi yields a 

single cum'’e valid over a considerable mngo of floi.* conditions* lire 
Poynolds number based on properties of tlic free ctrecsn provides a con- 
venient paranetcr, arxl the results of tliis investd-gation show that rise 
of this pararaeter produces a single curve for this range of tost con- 
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ditions* The Nussolt number based on How conditions inside tJie probe 
and on tho thomocouple wire diameter also produces a sinijle cxnrvc over 
the ranee of test conditions. It is difficult, however, to Justify 
theoretically the aigni^icanco of either of these parameters, and it 
could not be expected that use of oitlier Reynolds number or Nusselt 
‘number would produce a sini;pLo curve for large variations of liach nurd)cr 
or total terperature* It should be noted that the Hiisselt number of tho 
flow within a given probe geomotiy can be related to the properties of 
the free stream* Hie only properties required to obtain the Hussolt 
number are the total temperature and the impact pressure. 

An atterqit was made to doteniino theoretically a significant 
parameter based on flow conditions inside the tenporaturo probe, Ihis 
theoretical analysis is presented in Appendix A and is based on consider- 
ations of a siiqjlifiod theojy of heat transfer* For tho purposes of 
tlio problem, it was assumed that heat losses other than conduction 
through the themocotplo wires are negligible* Hiis analysis indicates 
tlie significance of the parameter Nu ISgAy* which is proportional to 
Nu* (defined ly Eq, 18), thin factor of proi>ortionality being constant 
for a given probe geonetiy* Ihe theoretical results shown in Appendix 
A indicate that liiu teciporature-recovery factor, when plotted versus IIu , 
should be invariant with respect to total tempo rature and tho free stream 
I'laoh number* 

As previously noted, use of the paranoter Nu* does not yiold a 
single calibration curve* It appears, therefore, that the assumptions 
made in tho theoretical analysis are perhaps over simplified, raid 
ccttisoquently do not provide a sufficiently accurate anal^wis for tho 
tempo rature probe used in this investigation* It is believed, however. 



tiiat for Variable free stream Hadi nmbcrs this paraneter ’./oxild prove 
siaeiior to tliosc based on free stream conditions* 

U* Cmparlpon with a Previous %porinontal Investigation 

By uoiac the parameter Hu viiich is as raentioned previously 

proportional to uliat is defined in tiiis study as Hu , E, Hinkler, Ref* 11, 
has obtained a single calibietLon curve valid for a considorablo ranee 
of total temperatures, Reynolds nmbers, and hypersonic Itech numbere* 

For the probe calibrated in Ref, 11, it was estdr:iated -tiiat 9$ per cent 
of the total heat losses was duo to oonduction through the thoraocovnle 
wires* The rosults obtained in this investication are soneadiat different 
from tliose of Ref* 11* This variance ni^t bo partially attributed to 
the shicldSnc tsaployed on Probe A not being os effective as the sldclding 
used for the probes calibrated in Rof* 11* Less effective slriiolding 
would na!» nore inaccurate the assiar^otions \ised in Appendix A, vrhich 
theoretically establish Ifu as being a significant paramotor. It vrould 
then bo cr^jcctod that a probe xxhich had relatively inadequate shielding 
with coiTsequent increased losses fram the stagnation streaciline would 
not, for a given value of IIu , liave a Iciperature recovery factor 
constant with respect to total taiporaturo# 

E:qxjrinontal data given in Ref, 11 shox; a dopeiKiencc on total 
terperaturo of a plot of tenperatura recovery factor versus Reynolds 
nmbor* In Rof. 11, the total-tcnporature changes wore quite lai’gei 
therefore, the dependence on total temperature was easily detected* As 
prcviovsly pointed out, for the limited total-terperaturo range available 
in this investigation and for tiro curve of terperature recovery factor 
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versus n^iKjlds nui.iber choijn iii Fig* 18, sny effect duo to caan^o h\ 
total toj^joratui’C vras not apparent vjitliln tl;e nor.,:ial scatter of tlv3 
ecqpeririGntal data. It is esqKcted that if the range of taapcratui'es 
coixLd have been extondod, the effect of the cliange of total temperature 
would have beoone apparent. 
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V. co:ic:.U3ioiJG /cn) .rx;s::Kr3//:io:s 

V/ith regarxi to the impact-pressuro phase of this investigation at 
a noainal Mach nm'ixjr of 5«6, the results indicate the detection of 
viscous effects on the readings of iE?>act-pressxire probes at Rejaiolds 
minbers as high as 6000« While the effects are negligible at tiis 
Reynolds nmbcr, they continue to increase with decreasing Reynolds 
nmbors, and at a Reynolds mraber of h2$ the moasured inqjact pressiire is 
jQjproxiraatoly 2*5 per cent lower than that predicted by the Rayleigh 
equation* A corpailoon of the two probe geometries tested indicates 
that the flattencd-cnd probes are more stisceptdblo to these viscous 
effects at tho lower Reynolds niEibers than are the circular end probes* 

It appears definitely that tills investigation should be extended to 
higher Haoh numbers and Imrer Reynolds numbers, since both of these 
variations tend to increase the viscous effects on inpact-prossuro 
detorraination* 

Tho total-tepperaturs phase of this investigation involved the 
calibration of a particular tenporaturo probe and an analysis of various 
parameters suitable for presenting tliis calibration* For the nominal 
Mach number of 5*6 and total temperatures from 200®P to 260^, a single 
calibration curve of tenpenituro recovery factor was obtained with the 
uise of the Reynolds number of the froo stream based on the probo entrance 
outside diameter or tho Husselt number of tho flau inside the probe based 
on the thomocouple wire diameter* Tho data show that the ten’xjrature 
recovery factor of tho total-torperature probe decreases with decreasing 
Reynolds numbers* Here again it seems desirable to extend the investi- 
gation to higher Mach numbers, lower Reynolds numbers, and a wider range 
of total tenporaturee* 
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Tni?K'>ATurr. at a T;EP::ocoui>ir juI'Ictmi 



nJF, D CO!IDUCTIO:i IN TflE THEFilOCOUPLT. i/IPJS 



If it were possible to Ijring a fluid sti«an to root adiabatlcally 
at a tlxer^.ooouplo junction^ tho Idnotlc aicrc^f' of the strtja^ ijould bo 
(jor^letoly rccovorocl, and tho fluid teapomturo at tho junction vculd be 
tho total tcnporatuio, I7ith an actual tcr^oeratuio probo, it is 
iipossible to achieve absolute adiabatic decoloration of the flcn: to 
stagnation# As tho teaporat*aro of a fltiid elcsiiont in the stagnaticn 
stroa":flino increases above tho static t^iperature of the free otrsan, 
tiiore is a loss of heat f ren toe sanple d'oo to conduction of heat through 
tho gas in addition to radiation and •convecti'/o heat transfer to the 
probe shield# 

Hovjover, according to Ref# 18, the heat loss duo to non-adiabatio ' 
flow along the stagnation streanlino and the heat loss fron toe theino- 
couple junction by radiat ion a re considered to bo relatively snail oor>* 
pared to the heat loss fron the junction by conduction through tho 
t’lemocouple irires# Consoquentiy, for this analysis, only tlie hent 
loss due to conduction through too thoraocouple w3.re is considered# 

To evaluate this effect it is assuaod that there exists a wiifora fluid 
tenrieraturo, T^, along too bare thernooouplo xnlro and that tlierc is a 
negative tenporature gradient fron tho tl^orriocouple junction to tho base 
of tlie ixiro# It is also assuned tiiat tiie tcr,iperotiire of the ■iiiro is 
constant at any cross section# 



\^ !R£ Support 



JuA>cr/o /v 



Referring tx> tlie above alxtch, the tenperature of the x^iro at 
A, mot bo ersater tlxon the tenperature at B, Tg, in onier for boat 

to flow fron A to B, Also, (dT/dx)^ <= 0 !:[/■ syitietiy, and the velocity 

2 

insldo the probe, n^, is assirxcd sraall c6 tixat (Up )/(2g J 0^ T^) 1, 

Considoring an elanent of wire of leasth dx, the heat flu::, (j, 
ttirouglx the wire at a given cross qoction Is 



Q " ( 



'loT 5 



u 



(A-l) 



xiiiere !c,.j io tho coofficiont of themal conductivity of the wire* Iben at a 
point a distorxee, dx, f roia the given cross section the. heat flux is given by 



Q + dQ 



dT,. , d' 









) dx 






TTd^2 

“IT* 



(A-2) 



a:id the increment a? heat flic: in tloo elcnent of wire of laijth dx 3^ 






T ^ ^ -TT" 



dx' 



(A-3) 



How connicter tho heat flux fron tiio flxiid to tiic xriLro through tho 
surface of the wire elonont* 'Jhis my be written 



^ h TT d^; dx 



(A-h) 



Xiiiiero is the stagnation tmperature of the fluid, Tw(:c) is tiio local 
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tenporaturo of tiie wire, and h is the convective heat \ransfer ccxjff ident 



wliich includes the conbined effect of conduction tliiough the filn and 
convection in the fluid* This coefficient is asnuned to be constant over 
the length of tlie xrire* 

How, for equilibiiun conditions to exist in the \Jire, tae heat 
fliac through the surface must equal the change of heat flux along the 
thomocouple wire* Biuis, the resdting differential equation is 



It is convenient not; to introduce the Nusselt nmber, in the fora 



where kg is the coefficient of t’roraal conductivity of the fluid* ^hen, 
denoting the cross sectional area of the wire by A, Eq* A-5) becaies 




(A-5) 




(a-6) 




The general' solution of tliis differential equation is 




(A-8) 



whore 



- tju (kg/k^j)(l/TA) 



(A-9) 



Her;;, if the boundaiy conditions are applied 
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x/IieitD A is tf-o innctii of xiirc botueen nointo A and B in the previous 
shetdi# At tl-so t!«r.nocouple jvaictdon, :: «= 0, and Eq, (a-11) 






(A-12) 



be cones 

** cosh' 

Bie energy equation for adiabatic, f rlctionlesa, steac^ flow of a 
perfect gas nay bo x-rritten 



To - -A- 



u 



2g J c- 



(A-13) 



and by the use of tiro definition of the terr^jcratxn*© recovery factor, r, 
at the tile irxo couple jvr.ction, this equation becomes 



or 





2 



(A-lii) 



(A-15) 



where Tg is the tenperature recovery factor of the themocouple base 
(Point B )* 

Caibaninc Eqs# (A-12), (A-lii), and (A-1J>) yields the folloiiinc 
eaqjroscion for recovery factor 



r • 1 



( 1 






'cosli 



(A-16) 



It is clear that for a given probe geometry, r » r(i:^,^ ), vrhere ^ is 
defined in Eq* (A-9), Thus, the significance of the parameter IIu 
can be easily seen* 
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ACGUIACX AJIALiSIS OF IXPLRIIU'JiTAL D/.TA 



The nognitcide of the mndoa errors encountered \jere estiiaatcd hy 
considerinf’ tdio reproducibility of the observations, the sensitivity of 
the scale, and the associated riding error* For the ejqperisientalli’' 
measured quantities, these estimated errors arc as follovro: 



lieasmxggent 
Static pressure - p 
Lir^jact pressure - p^” 
Reservoir pressure - 
Reservoir temperature •• 
TiiexBocouple voltage 
Impact tube dimension 4»h 



Estimated Hoxinura Error 
^•2 m* of silicone 
io*5 nm* of silicone 
less than 0*5!^ 

±2°F 

^•01 micro volt 
-.0005 inch 



Tf.e ideal impact pressure iras obtained by an extrapolation 
procedure as explained in Section III* The estimated maximum probable 
error in tlie extrapolated value of iipact pressure is ^0.5 iw» of 
silicone* jQiis estimated value was dcteimned as a result of a 
graphical study of the extrsqpolation curves* 

The accumqy of the computed vali«s, based on botli estir.iatod 
errors in the individual neasiircicnts and the errors from the use of 
graphs, tables, etc*, is as follows: 
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nat.’.o of ir^act pi'cfjsureo - PqVPq’ 


- 0*12^ 


■lacli IJiriber - M 


1 


Froo StiVcin TQii')erat’jir’v3 - T 


i 2^ 


Vjcynoldo Ntinbor - P.c 
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Terperaturo Recoveiy Fewtor - r 
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Type I Probes 
Fig. 3a 






Type n Probes 
Fig. 3b 



IMPACT -PRESSURE PROBE RAKE 
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TYPE I - CIRCULAR-END TUBE 




TYPE H - FLATTENED-END TUBE 

SKETCH OF IMPACT- PRESSURE PROBE GEOMETRY 

FIG. 4 
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SKETCH OF STAGNATION-TEMPERATURE PROBES 
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Fig. 6a 




Fig. 6b 



TEMPERATURE, IMPACT, AND STATIC-PRESSURE PROBE SUPPORl 
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SCHEMATIC DIAGRAM OF ELECTRICAL CONNECTION 
FOR THERMOCOUPLE-POTENTIOMETER SYSTEM 
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SCHLIEREN PICTURE OF AIR FLOW AROUND PROBE RAKE 



Fig. 9 
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SAMPLE EXTRAPOLATION PLOTS OF IMPACT PRESSURE FOR TYPE H PROBES 

FIG. 10 
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VARIATION OF MEASURED IMPACT PRESSURES WITH KNUDSEN NUMBER 

FOR TYPE I PROBES 
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VARIATION OF MEASURED IMPACT PRESSURES WITH REYNOLDS 
NUMBER BEHIND NORMAL SHOCK FOR TYPE I PROBES 
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NUMBER BEHIND NORMAL SHOCK FOR TYPE I PROBES 
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VARIATION OF MEASURED IMPACT PRESSURES WITH KNUDSEN NUMBER 

FOR TYPE H PROBES 
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VARIATION OF RECOVERY FACTOR WITH REYNOLDS NUMBER FOR PROBE 




001 




ro 



CM 



O 






CO 



CD 



m 



VARIATION OF RECOVERY FACTOR WITH NUSSELT NUMBER FOR PROBE 
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VARIATION OF RECOVERY FACTOR WITH Nu" FOR PROBE 
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